Background: There is currently no consensus regarding the amount of posterior glenoid bone loss that is considered critical. Critical bone loss is defined as the amount of bone loss that occurs in which an isolated labral repair will not sufficiently restore stability.
Posterior glenoid bone loss is a relatively uncommon scenario when compared with its anterior counterpart. Despite this, it is reported as a contributing factor associated with recurrent posterior shoulder instability. 9, 11, 14 It is important to understand that posterior bone deficiency often occurs concomitantly with other injuries, such as posterior labral tears, capsular laxity, and posterior inferior glenohumeral ligament avulsions, and in the setting of glenoid dysplasia. 14 Patients with a large defect are likely to be at an increased risk for recurrent instability after isolated capsulolabral repair. The size of this defect that is considered critical remains controversial. 9 The causes of posterior bone loss include congenital hypoplasia, a traumatic event such as dislocation, or repetitive microtrauma often seen in young male athletes. 12, 14, 19 Previous investigations have examined the critical amount of bone loss in anterior shoulder instability. 6, 17, 20 These results have demonstrated that with as little as a 15% anterior defect, a Bankart repair may fail to properly restore resistance to glenohumeral translation and stability, thereby necessitating a bony restoration procedure. 17 To our knowledge, there is no analogous biomechanical study that has quantified the critical bone defect involving the posterior glenoid.
The majority of patients with atraumatic posterior shoulder instability can improve with nonoperative treatment; however, a small subset will go on to require surgical intervention. In contrast, it has been demonstrated that up to 84% of patients with a traumatic mechanism will ultimately fail nonoperative treatment. 3, 12 Arthroscopic posterior stabilization has proven to be a reliable option in most cases, although the risk of recurrence has been demonstrated to be as high as 10%.
14 One of the primary factors that increase risk for recurrent instability is a failure to treat concomitant conditions, such as anterior labral lesions, excessive glenoid retroversion, and posterior glenoid bone loss.
1 Multiple posterior glenoid reconstruction procedures have been described in cases of large amounts of bone loss; however, the indications for when to use these procedures remain unclear. 10, 15, 16 The purpose of the present study was to identify the critical size of the posterior glenoid defect.
METHODS

Preparation of Specimens
Eleven fresh-frozen cadaveric shoulders (11 male donors) were used in this study. The mean age of the donors at the time of death was 58 years (range, 55-63 years). We excluded specimens with moderate to severe osteoarthritis present on pretesting computerized tomography (CT) or during specimen preparation. We also excluded any specimens over the age of 65. The shoulders were thawed overnight at room temperature before testing. The skin, subcutaneous tissue, and posterior rotator cuff tendons were removed leaving the anterior structures intact, including the biceps tendon. A posterior capsulotomy was performed to gain access to the posterior glenoid and labrum. A posterior approach and capsulotomy were used for improved access and to mirror a posterior instability state in which the capsule and ligaments are typically redundant, are loose, and provide minimal restraint to posterior translation. The medial margin of the scapula was osteotomized along a line parallel to the glenoid surface. The humeral shaft was osteotomized 10 cm distal to the most superior portion of the humeral head. Both the scapula and humerus were potted in a 2-part urethane compound (300Q; Smooth-On) using custom fixtures. Before potting, the exposed bony ends were transfixed with 2 bicortical screws to increase rotational stability at the bone-potting interface. The glenoid surface was potted parallel to the horizontal plane, while the humerus was potted in 30°of abduction and 30°of flexion with respect to the glenoid. This positioning was chosen to simulate a loadand-shift test in which a majority of the stability is being provided by the glenohumeral articulation, including the humeral head and labrum, rather than ligamentous and tendinous structures. After potting, all specimens underwent CT scanning before mounting.
A caliper (Mitutoyo) was used to measure the posterior labral thickness for each specimen. The pretesting CT volume images were used to measure the depth of the glenoid, which was defined as the distance from the most posterior reference point on the rim to the deepest portion of the glenoid.
Testing Apparatus
All testing was performed with a 6-axis industrial robot (KUKA KR 6 R700) that is integrated with simVITRO LabVIEW-based control software (Cleveland Clinic). The robot is equipped with a multi-axis load cell (SI-580N; ATI) at the end effector for the measurement of forces and torques in all 3 Cartesian directions. This interface provides a flexible musculoskeletal simulator to control and report joint kinetics and kinematics. The specimen was then mounted to the robot with the glenoid parallel to the base and the humerus attached to the robot end effector (Figure 1 ). After mounting, the spatial relationships between the robot, load cell, and the specimen were established using a 6 degrees of freedom digitizing probe (Optotrak; NDI). The glenoid coordinate system was generated via the digitization of bone-based anatomic landmarks determined within a specimen-specific CT scan.
A 50-N compressive force was constantly applied to the humerus to keep the humeral head compressed in the glenoid fossa. The initial reference position was determined to be the center of the glenoid based on the CT scan data. This reference position was confirmed when both the xand y-forces recorded were minimized (~0 N) before translation. Starting from the initial reference position, the humeral head was translated in the posterior direction for 10 mm at a rate of 1.0 mm/s. This 10-mm displacement protocol was used for the entire cohort as the glenoid widths were all measured as 30 6 1 mm. These parameters were used in prior studies that examined the effect of anterior glenoid bone defects on anterior shoulder instability. 6, 20 The specimens were hydrated with normal saline before mounting and before each test to minimize cartilage desiccation. The peak force that occurred during humeral head translation and the lateral displacement (z-axis) of the center of the humeral head were recorded. Three trials were performed for each condition, and the mean value was used for data analysis.
Human Cadavers. Our institution purchased human cadaveric specimens from MedCure, which was blinded. Permission was not required for basic science research.
Test Conditions
The humerus was positioned in 30°of abduction, flexion, and neutral rotation relative to the scapula. Testing was performed under 11 conditions: (1) intact glenoid, (2) simulated reverse Bankart lesion, (3) the reverse Bankart lesion repaired, (4) a 10% defect, (5) the reverse Bankart lesion repaired, (6) a 20% defect, (7) the reverse Bankart lesion repaired, (8) a 30% defect, (9) the reverse Bankart lesion repaired, (10) a 40% defect, and (11) the reverse Bankart repaired. A reverse Bankart lesion was created by elevating the capsulolabral attachment periosteally from the glenoid from 6 o'clock to 11 o'clock in the right shoulder.
Glenoid Defect and Labral Repair
Glenoid defects were created in 10% increments of the overall glenoid width, which was measured from the pretesting CT volume images. Osteotomy lines were drawn in the superior-inferior direction of the y-axis with respect to the glenoid center, which was used as the reference point ( Figure 2 ). Osteotomies were initially made with a sagittal saw and then completed with an osteotome (Figure 3) . The posterior labrum was sharply detached from the glenoid rim from approximately the 6-to 11-o'clock positions, creating a reverse Bankart lesion. Reverse Bankart repairs were performed by first creating 4 drill holes in the exposed glenoid rim using a 1.0-mm drill bill and subsequently passing #2 Fiberwire sutures (Arthrex) (Figure 3 ). With increasing glenoid defects, we placed our sutures through the most posterior portion of the glenoid face that remained.
Data Analysis
One-way repeated-measures analysis of variance was used to compare the change in peak force across the various glenoid defects with and without reverse Bankart repair. When a significant effect was observed, it was further analyzed separately with the use of the Dunnett test. The conditions with an isolated reverse Bankart lesion were used as the baseline condition compared with bone defects without and with a reverse Bankart repair, respectively. The effect of labral thickness (\3 vs 3 mm) and glenoid depth on peak force and lateral displacement was also evaluated; 3 mm was chosen as the labral thickness cutoff as this allowed for an even distribution of specimens. The effect of labral thickness was evaluated using a 2-way repeated-measures analysis of variance and a linear regression analysis for evaluation of glenoid depth. The level of significance was set at P \ .05. All statistical tests were performed with GraphPad Prism (7.0c).
RESULTS
Stability
The mean peak force that occurred with posterior translation decreased incrementally after the creation of the reverse Bankart lesion and each subsequent osseous defect (Figure 4) . The force associated with a 20% defect (11 6 8 N) was significantly smaller than the baseline force (reverse Bankart lesion without a bony defect, 19 6 9 N) (P = .0448). Similarly, the peak force in shoulders with a reverse Bankart repair and a 20% defect (13 6 9 N) was significantly decreased compared with the baseline force (reverse Bankart repair with no bony defect, 22 6 10 N) (P = .0451). The mean glenoid width was 30 mm; therefore, a 20% defect is equivalent to a 6-mm defect. This critical defect corresponds to a bone defect in which Figure 2 . En face view of the glenoid showing simulated osteotomy lines (blue) in 10% increments of the total glenoid width, which were drawn parallel to the y-axis. The x-and y-axes pass through the center (C), which was determined from pretesting computed tomography scans. an isolated reverse Bankart repair can no longer restore the original stability to posterior translation.
Lateral Humeral Displacement
The lateral humeral displacement decreased as the size of the osseous defect increased ( Figure 5 ). Displacement after creating a 20% defect without labral repair (0.63 6 0.54 mm) and with labral repair (0.61 6 0.57 mm) was significantly smaller than the baseline displacements (intact glenoid with reverse Bankart lesion [1.62 6 0. 
Other Stability Factors
There was no significant difference in peak force between specimens with a labral thickness \3 mm and those with a labral thickness 3 mm for any of the tested conditions. Lateral humeral displacement was significantly greater in specimens with a labral thickness 3 mm when compared with those with a labral thickness \3 mm for the intact (P = .0350), reverse Bankart lesion (P = .0056), and the reverse Bankart lesion repair (P = .0121) conditions. For the remaining conditions, there was no significant difference ( Figure 6 ). There was no linear relationship between glenoid depth and stability (P = .6604).
DISCUSSION
The purpose of this study was to identify the critical size of the posterior glenoid defect that is associated with posterior shoulder instability that cannot be addressed with an isolated reverse Bankart repair. Our results indicate that an osseous defect 20% of the glenoid width (mean, 30 mm), which corresponds to a 6-mm defect, was the critical size of a glenoid defect in posterior shoulder instability. To our knowledge, this is the first study to apply this previously studied concept in anterior shoulder instability to a posterior shoulder model.
Prior cadaveric studies that have focused on determining the critical size of an anterior glenoid defect have demonstrated similar results, ranging from 15% to 25% of the glenoid width. 6, 17, 20 Although we were able to restore some stability with reverse Bankart repairs of 20% defects, this stability was found to be significantly decreased when compared with baseline. In this study, the peak force obtained for the intact specimens without any defects was smaller Compared with shoulders with a reverse Bankart lesion repair without a defect (22 6 10 N), the force decreased significantly in repairs with a defect 20% (13 6 9 N) (P \ .05). y Compared with shoulders with a reverse Bankart lesion repair without a defect (1.6 6 0.78 N), the lateral displacement decreased significantly in repairs with a defect 20% (0.61 6 0.57 N) (P \ .05).
overall than the peak translation force reported in prior anterior studies (23 vs~68 N). However, the percentage decrease in force for subsequent simulated labral lesions and bone defects was comparable. 20 We hypothesize that these discrepancies occurred secondary to the positioning of the arm during testing. Itoi et al 6 reported that anteroinferior instability was highly dependent on shoulder position. In the midrange of motion (abduction and neutral rotation), there was little effect on stability with increasing glenoid defects because of ligamentous restraints in their cadaveric model. During pilot testing, as expected, we found that at extremes of internal rotation and flexion, anterior capsuloligamentous structures became taut and resisted posterior glenohumeral translation. This inhibited our ability to detect a change in force, even with larger bony defects, as the humerus was translated posteriorly. Therefore, to isolate the effect of the glenoid and labrum on stability, we tested the shoulders in a relatively neutral position.
Previous studies have demonstrated that the magnitude of lateral humeral displacement is a representation of the total depth of the glenoid socket. 7, 8 Our results demonstrated a significant difference in lateral displacement with a 20% defect for shoulders without and with reverse Bankart repairs when compared with the baseline lateral displacements. There are additional data to support that a defect that measures over 20% of the glenoid width is not adequately addressed with isolated soft tissue capsulolabral repair. Although labral repairs were able to restore stability with bone defects, the lateral displacement did not increase. To explain this finding, we hypothesize that the capsulolabral tissue provides initial resistance to translation; however, as the humeral head continues to translate, it essentially compresses the tissue secondary to an axial load, and therefore minimal additional lateral displacement is detected.
There are no specific studies that focus on quantifying the posterior glenoid defect; however, several techniques both preoperatively and intraoperatively have been extrapolated from the anterior instability literature. 2, 4, 5, 18 The best-fit circle method is the most common technique used in which the percentage of the defect is calculated based on an assumed circle of the inferior portion of the glenoid. The use of 3-dimensional (3D) CT has improved the overall accuracy in measuring the defect and has even been able to predict the arthroscopic decision to perform an anterior bone stabilization procedure. 4 In a cadaveric simulated bone loss model, Rerko et al 13 compared several imaging techniques. They demonstrated that 3D CT had the lowest mean prediction error of -3.3 6 6.6 in comparison with the other imaging modalities. We attempted to limit error in estimating our created glenoid defects by using en face 3D CT cuts. We also had the advantage of measuring our planned osteotomies from an intact glenoid rather than measuring the defects after they were made.
The present study had several limitations. First, osseous defects were created by osteotomizing the glenoid in a superior-inferior direction in 10-mm increments. It is unclear if this type of bone loss is the most common type encountered clinically in patients with posterior shoulder instability. Because we tested bone loss in 10-mm increments, we cannot be sure if the critical amount of bone loss is exactly 20 mm or lies somewhere between 10 and 20 mm. Second, we sacrificed the posterior rotator cuff tendons and capsule to adequately expose the posterior glenoid and perform cuts and repairs. The posterior soft tissue structures have been demonstrated to play a role in overall posterior shoulder stability. 1, 12 We attempted to limit the effect of the soft tissue restraint to translation by testing our specimens in an overall neutral position; therefore, stability primarily relied on the restraint provided by the glenoid and labrum. Third, the labral tissue underwent multiple detachment and repair cycles, which may have contributed to its inability to resist translation, thereby demonstrating a lower average peak force with increasing glenoid defects. Finally, the bone and soft tissue quality of cadaveric shoulders may not represent the tissues found in younger patients who typically have posterior shoulder instability. We chose all male specimens under the age of 65 in an attempt to match this cohort more accurately.
In conclusion, an osseous defect 20% of the glenoid width may be the critical posterior defect in which an isolated Bankart lesion repair fails to restore stability. In these instances, reconstruction of the posterior glenoid with a bone block may be warranted.
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The authors acknowledge Sarath C. Koruprolu and Douglas Moore. Figure 6 . The effect of labral thickness on lateral humeral displacement. *Lateral humeral displacement was significantly greater in specimens with a labral thickness 3 mm when compared with those with a labral thickness \3 mm for the intact (P = .035), reverse Bankart lesion (P = .0056), and the reverse Bankart lesion repair (P = .0121) conditions. There was no significant difference in the remaining conditions.
